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Analysis of Membrane Domains by Freeze-Fracture Replica Labeling EM
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In comparison to proteins, relatively little is known about how lipids distribute
in the membrane, mainly because microscopic methods for proteins are often
not appropriate for lipids. We have been working on an EM method using
freeze-fracture replica labeling combined with quick-freezing (Fujita et al,
Nat Protoc 5, 661-669, 2010). This method physically fixes membrane mole-
cules thus avoiding the problem of chemical ‘unfixability’ of lipids and has
been applied successfully to examine lipids such as gangliosides GM1 and
GM3, and phosphoinositides PtdIns(4,5)P2 and PtdIns3P.
In the present study, we developed a method for PtdIns(3,5)P2, which is
critical for the endosome/lysosome functionality. A fluorescent biosensor for
PtdIns(3,5)P2 was reported (Li et al, PNAS 110, 21165-21170, 2013), but
detailed distribution of PtdIns(3,5)P2 within individual membranes is yet to
be determined. To specifically label PtdIns(3,5)P2, we utilized recombinant
GST-ATG18 as a probe and blocked its binding to PtdIns3P by co-presence
of excess recombinant p40phox PX domain. The labeling specificity was veri-
fied by control experiments, including the use of Saccharomyces cerevisiae
lacking FAB1 kinase activity.
By use of the methodology, we found that PtdIns(3,5)P2 is concentrated in a
membrane domain of yeast vacuole in the process of hyperosmosis-induced
fragmentation. PtdIns3P showed much less (or no) concentration than
PtdIns(3,5)P2, whereas transmembrane proteins including Vph1p are largely
excluded from the domain. The PtdIns(3,5)P2-rich membrane domain usually
forms in close contact with another vacuole or the nuclear membrane, and
indentations that eventually lead to vacuolar fission form in the domain. In
HeLa cells, PtdIns(3,5)P2 was labeled in vesicles with or without tubular
extentions, which morphology suggested them to be endosomes. The result
corroborated that PtdIns(3,5)P2 could exist in limited membrane domains of
endosome/lysosome compartments.
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Proteins can generate and recognize curved membranes that in turn, modulate
protein clustering, diffusion and biochemical reactions. The biophysical mech-
anisms of this dynamic relationship influence numerous biologically important
events including receptor signal transduction, endocytosis, exocytosis and
viral assembly. New approaches are needed to measure the dynamics of mem-
brane bending in conjunction with protein recruitment and assembly. Here, I
will discuss our work using back focal plane (BFP) spinning total internal
reflection fluorescence (360-TIRF) microscopy to create uniform evanescent
fields for quantitative imaging of molecular recruitment and assembly. We
have paired these methods with BFP positioning for polarized-TIRF micro-
scopy of membrane-oriented lipophilic fluorophores to image the sub-
resolution membrane curvature. Using these methods, we have imaged the
membrane bending dynamics during assembly of clathrin and dynamin at sin-
gle endocytic sites in living cells. Our data demonstrate that this method is
capable of imaging sub-resolution endocytic events and within the context
of their surrounding topography. Together, these methods are enabling new in-
sights into the interplay between assembly, reaction dynamics and membrane
topography in living cells.
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Lateral membrane microdomains, or lipid rafts, are considered fundamental
to a wide range of biological processes. The association of cholesterol and
sphingolipids promotes transient, nanoscopic protein-protein interactions that
enhance membrane signal transduction. In giant unilamellar vesicles (GUVs)
or giant plasma membrane vesicles (GPMVs), these microdomains are readily
resolvable by optical microscopy. However, similar visible microdomains have
not been observed in living cells, which has been a long-standing mystery. A
unique feature of the native plasma membrane is the high degree of transbilayer
lipid asymmetry and, particularly, with long acyl chain sphingolipids exclu-sively in the outer leaflet. The impact of asymmetry on optically resolvable mi-
crodomains is not known, nor is the role of long acyl chain sphingomyelin
(SM). Here, we show that GUVs fail to form visible microdomains if long
acyl chain SM is exclusively in the outer leaflet but, if long acyl chain SM is
placed in both leaflets, GUVs readily produce visible microdomains. With a
novel methodology capable of analyzing cholesterol in the individual leaflets,
we obtained evidence that long acyl chain SM, not short acyl chain SM, drives
cholesterol into the inner-leaflet of large unilamellar vesicles. This depletes
cholesterol from the outer leaflet, thereby providing a mechanism for abolish-
ing visible microdomains. We finally confirm that, in native plasmamembrane -
human erythrocytes, the majority of cholesterol is indeed in the inner leaflet.
We conclude that native plasma membrane cannot form visible microdomains,
primarily due to lack of cholesterol in the outer leaflet as the consequence of
exofacial long acyl SM. Our findings therefore resolve the long-standing puzzle
and uncover a novel fundamental organization principle for the plasma
membrane.
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Cell membranes are complex, multi component systems that contain dynamic
elements such as lipid rafts and protein rich domains. Lipid Bilayer Assem-
blies (LBAs) can be used as model membrane systems for investigating inter-
actions and responses to different stimuli but the level of complexity that can
be studied is limited. Previous studies have shown the ability to create these
LBAs on glass microspheres as well as flat substrates. These microspheres
introduce a new level of complexity by creating mobile samples that can be
analyzed using new techniques and also provide a curved surface more similar
to biological cells. In previous studies we have demonstrated that Lipopoly-
saccharides (LPS) from gram-negative bacteria can be used to pattern
LBAs in a simple, iterative manner. In this study, we have applied this
LPS-modification approach to introduce new elements into LBAs on glass
microspheres. We have found that LPS can be used to form static holes
throughout the membrane while keeping the membrane intact. These holes
can be backfilled with proteins such as BSA, and lipids, allowing membrane
repair and or introduction of new components into the system. This technique
gives rise to a multicomponent system that can be manipulated while still
maintaining lipid fluidity in three dimensions. These new findings are being
used to better understand LPS-membrane interactions, lead to new approaches
for potential biosensor design, and provide a new platform for investigating
cell membrane interactions. Future directions include using these coated
microspheres as an LPS biosensor that can be analyzed using flow cytometry,
introducing additional components into the system, such as receptors, gel
phase lipids, and complex proteins to investigate membrane interactions and
binding events and exploring as a template for the generation of janus-type
particles.
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The organization and dynamics of proteins and lipids in the plasma membrane,
and their role in membrane functionality, have been subject of a long-lasting
debate. Specifically, it is unclear to what extent membrane proteins are affected
by their immediate lipid and protein environment and vice versa. Studies on
model membranes and plasma membrane spheres indicated characteristic pref-
erences of proteins for ordered or disordered lipid phases, however, whether
such phases do indeed exist in live cells is still not known. Here, we used a mi-
cropatterning approach combined with super-resolution microscopy to quantify
the influence of a glycosylphosphatidylinositol-anchored protein (GPI-AP) - a
typical marker of ordered lipid phases - on its molecular environment directly
in the live cell plasma membrane. Intriguingly, local enrichment and immobi-
lization of a GPI-anchored mGFP - even at highest densities - did not nucleate
the formation of ordered membrane regions. At a molecular scale, immobilized
mGFP-GPIs essentially behaved as inert obstacles that reduced the mobility of
other membrane constituents according to their molecular size and shape. Over-
all we conclude that GPI-APs do not significantly influence their membrane
environment over distances beyond their actual physical size. Further, our
